1. Introduction {#sec1-molecules-23-00561}
===============

Osteoblasts are derived from bone-marrow mesenchymal stem cell (BMSC) precursors \[[@B1-molecules-23-00561]\], which differentiate into mature osteoblasts and mediate bone formation. This process is called osteoblastogenesis \[[@B2-molecules-23-00561]\]. A deficiency in osteoblastogenesis of BMSCs can result in bone-related diseases including osteoporosis \[[@B3-molecules-23-00561],[@B4-molecules-23-00561]\]. Reduced proliferation and osteoblastic differentiation of BMSCs has been reported to be associated with a reduction in healing capacity, such as impairment of bone formation in osteoporotic patients. Thus, developing drugs for targeting proliferation and osteoblastogenesis from BMSCs has become one therapeutic strategy for osteoporosis \[[@B5-molecules-23-00561]\].

Wedelolactone is a compound isolated from *Ecliptae herba* \[[@B6-molecules-23-00561],[@B7-molecules-23-00561],[@B8-molecules-23-00561]\]. This herbal drug has been used as a traditional Chinese medicine with kidney-tonifying acitivity for several thousand years because it can strengthen bones. *E. herba* extracts have been reported to exhibit therapeutic effects on osteoporosis in ovariectomized rats \[[@B9-molecules-23-00561],[@B10-molecules-23-00561]\]. Wedelolactone has also been reported to possess various activities, including inhibiting the release of 5-lipoxygenase, antagonizing the action of myotoxins, and inducing caspase-dependent apoptosis. Previously, we showed that wedelolactone enhanced BMSC differentiation towards osteoblasts and promoted bone formation in vivo \[[@B11-molecules-23-00561]\]. However, how wedelolactone enhances osteoblastogenesis is incompletely understood.

Bone morphogenetic protein (BMP) family proteins especially BMP2 are essential molecules that mediate osteoblastogenesis \[[@B12-molecules-23-00561]\]. BMP2-mediated signaling is transduced through binding to its receptors and subsequently forming a receptor complex. This dynamic interaction transmits a signal through Smads or mitogen-activated protein kinases (MAPKs), leading to the activation of transcription of the specific target genes involved in osteoblastic differentiation and bone formation \[[@B13-molecules-23-00561],[@B14-molecules-23-00561]\]. MAPK family members have been identified, including extracellular signal-regulated kinases (ERKs), c-Jun *N*-terminal protein kinase (JNK), and p38 \[[@B15-molecules-23-00561],[@B16-molecules-23-00561]\]. These three types of MAPKs play essential roles in the signal-transduction machinery that participates in osteoblastogenesis \[[@B17-molecules-23-00561],[@B18-molecules-23-00561]\]. During this osteoblastic differentiation process, activation of MAPK signaling can be followed by BMP2/Smad signaling activation \[[@B19-molecules-23-00561]\].

We investigated how wedelolactone enhances osteoblastogenesis from BMSCs. In particular, the role of the MAPK/BMP2/Smads pathway-related molecules in wedelolactone-enhanced osteoblastogenesis was studied.

2. Results and Discussion {#sec2-molecules-23-00561}
=========================

2.1. Effects of Wedelolactone on Phosphorylation of MAPK and Smad 1/5/8 and Expression of BMP2 mRNA {#sec2dot1-molecules-23-00561}
---------------------------------------------------------------------------------------------------

To investigate if MAPK signaling was involved in wedelolactone-induced osteoblast differentiation, activation of MAPKs was examined by western blotting with specific antibodies. Wedelolactone (2 μg/mL) treatment activated ERK1/2, JNK, and p38, as evidenced by increased protein phosphorylation ([Figure 1](#molecules-23-00561-f001){ref-type="fig"}). Furthermore, the level of phosphorylated Smad1/5/8 was increased strongly upon 6-day treatment with wedelolactone. BMP2 expression was increased in the presence of 2 μg/mL of wedelolactone.

Wedelolactone is a compound isolated from *E. herba*, which has attracted considerable attention because of its extensive bioactivity \[[@B20-molecules-23-00561]\]. Recently, we studied the effect of wedelolactone on osteoblastic differentiation from BMSCs \[[@B21-molecules-23-00561]\]. However, the detailed signaling mechanisms involved in this effect are not known. In the present study, we focused on the effects of wedelolactone on osteoblastogenesis and associated bone-formation signaling including MAPK, Smads, and BMP2. At an effective dose, wedelolactone promoted phosphorylation of JNK, p38, and ERK1/2. In contrast, the phosphorylated levels of JNK, p38, and ERK1/2 did not show significant increase in osteogenic medium-treated BMSC without wedelolactone stimulation (data not shown). Wedelolactone-induced phosphorylation of ERK and JNK started from 3 days, and p38 phosphorylation started from 6 days. In contrast, TNFα or IL-1β-induced MAPK phosphorylation occurred within 24 h \[[@B22-molecules-23-00561]\]. The difference might be attributed to a slow stimulation of wedelolactone. The delayed phosphorylation of p38 induced by wedelolactone suggested that p38 might mediate a different pathway for osteoblastogenesis compared with ERK and JNK.

The results also revealed that wedelolactone stimulated osteoblast differentiation through Smad 1/5/8 and BMP2 signaling. These results suggested that MAPKs activation, Smad 1/5/8 phosphorylation, and increased BMP2 expression were involved in wedelolactone-enhanced osteoblastogenesis.

BMP2 signaling pathways have a critical role in bone-formation process, and their effects can be mediated by Smad signaling \[[@B23-molecules-23-00561]\]. Among BMP family proteins, BMP2 has been reported to be essential for inducing bone formation \[[@B22-molecules-23-00561]\]. Addition of BMP2 to culture media results in rapid proliferation of isolated mouse skeletal stem cells \[[@B24-molecules-23-00561]\]. During wedelolactone-induced osteoblastogenesis, Smad 1/5/8 phosphorylation was enhanced and expression of BMP2 transcripts increased, suggesting that BMP2 and Smad1/5/8 participated in wedelolactone-induced osteoblastogenesis. Among 20 homodimeric or heterodimeric BMP ligands, there are many types of BMPs, which are indicated to be involved in osteoblastogenesis, such as BMP2, BMP3, BMP4, BMP6, BMP7, and BMP9 \[[@B25-molecules-23-00561],[@B26-molecules-23-00561]\] We mainly focused on the effect of wedelolactone on the signaling pathway mediated by BMP2, one of the most well-known regulators for osteoblastogenesis. The further study of other BMPs changes will be interesting in the future. BMP2 promote bone formation through activating Smads. Smad1 is an important mediator of the osteogenic function of BMP2. In osteoblast-specific Smad1-conditional knockout (CKO) mice, BMP2 signaling is partially inhibited \[[@B27-molecules-23-00561]\]. In addition to Smad1, Smad5 and Smad8 have also been implicated to be involved in BMP-mediated bone formation. Consistent with our previous results, the activation of BMP2 and Smad1/5/8 by wedelolactone in the present study suggested that the BMP2/Smad pathway probably was involved in wedelolactone-induced osteoblastogenesis in BMSCs.

Our previous study showed that wedelolactone facilitated osteoblastogenesis by inducing the Wnt/GSK3β/β-catenin pathway \[[@B28-molecules-23-00561]\]. In the present study, MAPK signaling (another key pathway for osteoblastogenesis) was found to be induced. There are some crosstalking molecules between the Wnt/β-catenin pathway and MAPK pathway, such as Runx2. Identifying these crosstalking molecules triggered by wedelolactone would be interesting at the mechanistic level.

2.2. Effect of a MAPK Inhibitor on Wedelolactone-Enhanced ALP Activity and Bone Mineralization {#sec2dot2-molecules-23-00561}
----------------------------------------------------------------------------------------------

To determine whether MAPK has a role in wedelolactone-induced osteoblastogenesis in BMSCs, specific inhibitors of ERK, JNK, and p38 were administered ([Figure 2](#molecules-23-00561-f002){ref-type="fig"}). Addition of the ERK inhibitor PD98059, JNK inhibitor SP600125, and p38 inhibitor SB203580 reversed the effect of wedelolactone on ALP activity to different degrees. Similarly, bone mineralization by Alizarin Red staining revealed that wedelolactone-enhanced bone mineralization was inhibited by PD98059, SP600125, and SB203580.

2.3. MAPK Inhibitors Prevent mRNA Expression of Wedelolactone-Induced Osteoblast Marker Genes {#sec2dot3-molecules-23-00561}
---------------------------------------------------------------------------------------------

We further examined whether the effect of wedelolactone on several osteoblast markers was mediated by MAPK signaling. mRNA expression of Runx2, Bglap (encoding osteocalcin), and Sp7 (which encodes osterix) were evaluated in BMSCs treated with specific inhibitors of JNK, ERK, and p38. Wedelolactone-induced increases in the expression of Runx2, Bglap, and Sp7 were attenuated by an ERK inhibitor, JNK inhibitor, and p38 inhibitor ([Figure 3](#molecules-23-00561-f003){ref-type="fig"}).

Several studies have reported that MAPK signaling including JNK, ERK, and p38 pathways are involved in osteoblastogenesis \[[@B29-molecules-23-00561]\]. p38 is required for osteoblast differentiation and induction of osteogenic marker genes. Also, p38 activation has been observed in Lactoferrin-treated MC3T3-E1 cells. However, there is evidence that osteoblast differentiation is stimulated by activation of ERK and JNK, but not by activation of p38 \[[@B30-molecules-23-00561]\]. In the present study, we demonstrated that inhibitors of JNK, ERK, and p38 suppressed wedelolactone-induced ALP activity, mineralization, as well as expression of osteoblast marker genes. These results are similar with a previous study to that of Kim and colleagues. They showed that activation of JNK and ERK was involved in osteoblast differentiation from human mesenchymal stem cells treated by fucoidan (a polysaccharide containing substantial proportions of [l]{.smallcaps}-fucose and sulfate ester groups that is derived mainly from brown algae and seaweed) \[[@B30-molecules-23-00561]\]. The chemical structure of wedelolactone and fucoidan is different. Correspondingly, the targets for these two compounds are different but, interestingly, the wedelolactone- and fucoidan-induced signaling pathways including JNK and ERK were similar.

2.4. Activation of JNK and ERK Occurs Upstream of Smad 1/5/8 and BMP2 Signaling {#sec2dot4-molecules-23-00561}
-------------------------------------------------------------------------------

To further evaluate whether Smad 1/5/8 or BMP2 signaling were mediated by MAPK, Smad 1/5/8 phosphorylation and BMP2 expression in cells were assayed after treatment with specific inhibitors of JNK, ERK, and p38. Addition of a JNK or ERK inhibitor prevented wedelolactone-induced phosphorylation of Smad 1/5/8 and BMP2 mRNA expression, whereas these effects were not observed in the presence of the p38 inhibitor ([Figure 4](#molecules-23-00561-f004){ref-type="fig"}). These data suggested that JNK and ERK acted upstream of BMP2 and Smad 1/5/8 in wedelolactone-induced osteoblastogenesis.

MAPK can act downstream as well as upstream of the BMP2 pathway. The formation of a complex of BMP2 and its receptors can phosphorylate MAPK p38 and ERK. BMP2 has been implicated to induce Runx2 activity by activating MAPK p38, ERK, and JNK. Conversely, activated JNK and ERK influence BMP2 expression \[[@B31-molecules-23-00561]\]. Inhibition of JNK and ERK by SP600125 and PD98059 reduced BMP2 mRNA expression, suggesting that wedelolactone-induced BMP2 was mediated by MAPK JNK and ERK. Smads act as a group of intracellular proteins, which are critical for transducing signals to the nucleus upon binding with BMP ligands. After activation of the BMP signaling cascade, Smads interact physically with MAPK ERK to regulate the transcription of target genes, and thereby induces osteoblast differentiation \[[@B31-molecules-23-00561]\], suggesting that Smads act upstream of MAPK ERK. However, there is evidence that ERK, JNK, or p38 phosphorylates Smad1/5/8, thereby inducing expression of osteoblast differentiation genes. In the present study, an ERK inhibitor and JNK inhibitor but not p38 inhibitor suppressed phosphorylation of Smad1/5/8, suggesting that ERK and JNK acted upstream of Smad1/5/8 to enhance wedelolactone-induced osteoblastogenesis.

p38 has been reported to interact with the Wnt/β-catenin pathway at different levels. Wnt can activate p38 but p38 can reinforce the Wnt/β-catenin pathway simultaneously \[[@B32-molecules-23-00561]\]. In the present study, although p38 phosphorylation was upregulated by wedelolactone, a p38 inhibitor did not affect phosphorylation of Smad1/5/8, suggesting that p38 did not participate in the BMP2/Smad1/5/8 pathway in wedelolactone-enhanced osteoblastogenesis. Further study of the role of p38 in wedelolactone-induced Wnt/β-catenin pathway will be interesting.

3. Materials and Methods {#sec3-molecules-23-00561}
========================

3.1. Materials {#sec3dot1-molecules-23-00561}
--------------

Wedelolactone was isolated from an extract of *E. herba* and high-performance liquid chromatography was done as described previously \[[@B33-molecules-23-00561]\]. Wedelolactone purity was \>98%. Antibodies against ERK, JNK, p38, p-ERK, p-JNK, p-p38, Smad1/5/8, and p-Smad1/5/8 were purchased from Cell Signaling Technology (Danvers, MA, USA). TRIzol^®^ Reagent was obtained from Invitrogen (Carlsbad, CA, USA). SP600125, PD98059, and SB203580 were purchased from Cell Signaling Technology. Staining kits for alkaline phosphatase (ALP) were obtained from Sigma Aldrich (Saint Louis, MO, USA).

3.2. Isolation and Culture of Mouse BMSCs {#sec3dot2-molecules-23-00561}
-----------------------------------------

BMSCs were isolated as described previously with some modification \[[@B34-molecules-23-00561],[@B35-molecules-23-00561]\]. Briefly, BMSCs were isolated from the bone marrow of 8-week-old BALB/c mice and collected by using gradient centrifugation of mesenchymal stem cell-specific gradient solutions (Tianjin Haoyang Biological Manufacture, Tianjin, China). Phosphate-buffered saline (PBS)-buffered bone-marrow cell fraction was placed on the top of a gradient solution and centrifuged at 340× *g* for 20 min at room temperature. The collection was washed with PBS. Cell samples were resuspended in alpha-minimum essential medium (Gibco, Grand Island, NY, USA) supplemented with 10% fetal calf serum, 100 U/mL of penicillin, and 100 μg/mL of streptomycin, and maintained with 5% CO~2~ in a humidified atmosphere at 37 °C. On day 3, the cell suspension was replaced with fresh complete medium. After culture for 6--7 days, 90% confluence was reached. These cell samples were used for further experiments.

3.3. Assay to Measure ALP Activity {#sec3dot3-molecules-23-00561}
----------------------------------

To measure ALP activity, BMSCs were reseeded (1 × 10^4^ per cm^2^) and cultured with osteogenic medium (100 nM of dexamethasone, 1 mM of β-glycerophosphate, and 5 μM of [l]{.smallcaps}-ascorbic acid 2-phosphate). The culture medium was changed every 3 days. After culture for 9 days, Cells were fixed with 60% citrate buffered acetone for 30 s. Then, the fixed cells were washed with water three times and were further incubated with 100 μL phosphatase substrate solution containing 10 mM p-nitrophenylphosphate (pNPP) and 10 mM sodium tartrate in 50 mM citrate buffer (PH 9.5) at 37 °C for 1 h. After incubation, the enzyme reaction mixture was transferred to another plate and the reaction was stopped with 100 μL of 0.1 N NaOH. Absorbance at 405 nm was measured using an ELISA reader (Tecan, Switzerland). ALP staining was carried out with an ALP staining kit according to the manufacturer's (Sigma Aldrich) instructions.

3.4. Alizarin Red Staining {#sec3dot4-molecules-23-00561}
--------------------------

Alizarin Red staining was performed according to a previously published method \[[@B36-molecules-23-00561]\]. Briefly, BMSCs were reseeded (1 × 10^4^ per cm^2^) and cultured with osteogenic supplement. After 21 days, cells were fixed with 4% paraformaldehyde for 10 min, and washed twice with deionized water. Cells were then stained with 2% Alizarin Red (pH 4.1) for 10 min at room temperature. After the cells were washed thrice with deionized water, an orange-red color appeared, which indicated the intensity of calcium deposits. For quantification, the alizarin red S stained cultures were further incubated with 100 mM cetylpyridinium chloride for 1 h to solubilize and release calcium-bound alizarin red into solution \[[@B36-molecules-23-00561]\].

3.5. Quantitative Real-Time Reverse Transcription-Polymerase Chain Reaction (qRT-PCR) {#sec3dot5-molecules-23-00561}
-------------------------------------------------------------------------------------

After BMSCs were treated with MAPK inhibitors for 30 min, 2 μg/mL wedelolactone (Wed) was added and then incubated for the indicated number of days. Cell samples were collected. All work was carried out in a designated PCR-clean area. RNA was extracted and isolated from cells using TRIzol Reagent (Gibco) according to manufacturer instructions. RNA was treated with DNAse (DNase I-RNase-Free™; Ambion, Boston, MA, USA) to remove contaminating DNA; 200 ng of total RNA was reverse-transcribed with oligodT primers using a High Capacity cDNA RT kit (Applied Biosystems, Foster City, CA, USA) in a 20 µL cDNA reaction, as specified by the manufacturer. For qRT-PCR, the template cDNA was added to a 20 µL reaction with SYBR™ GREEN PCR Master Mix (Applied Biosystems, Foster City, CA, USA) and 0.2 µM of primer. Amplification was done by using an ABI Prism 7000 (Applied Biosystems) system for 40 cycles under the following conditions: an initial denaturation of 95 °C for 10 min, plus 40 cycles of 95 °C for 15 s, then 60 °C for 1 min. Fold-changes were calculated relative to β-actin using the ^△△^Ct method for analyses of mRNA levels.

The primer sets (forward and reverse, respectively) used were 5′-GTACGCCAACACAGTGCTG-3′ and 5′-CGTCATACTCCTGCTTGCTG-3′ for mouse β-actin: 5′-GCCGGGAATGATGAGAACTA-3′ and 5′-GGTGAAACTCTTGCCTCGTC-3′ for mouse Runx2; 5′-GCCATCACCCTGTCTCCTAA-3′ and 5′-GCTGTGGAGAAGACACACGA-3′ for mouse Bglap; 5′-GGAGGTTTCACTCCATTCCA-3′ and 5′-TAGAAGGAGCAAGGGGACAGA-3′ for mouse Sp7; 5′-TGACTGGATCGTGGCACCTC-3′ and 5′-CAGAGTCTGCACTATGGCATGGTTA-3′ for mouse BMP2.

3.6. Western Blotting {#sec3dot6-molecules-23-00561}
---------------------

Cells were pretreated with MAPK inhibitors for 30 min and then incubated with 2 μg/mL wedelolactone (Wed) for indicated days. Cells were lysed using lysis buffer containing 10 mM Tris/HCl (pH 7.5), 150 mM NaCl, 2 mM ethylenediaminetetraacetic acid (EDTA), 1% (*v/v*) Triton X-100, 1 mM Na~3~CO~4~, 1 mM phenylmethane sulfonyl fluoride, and 0.1 mM aprotinin. Cells were centrifuged at 16,000× *g* for 30 min at 4 °C. The protein concentration in the cell lysates was determined using the Bradford protein assay. The same amount of total protein (5 μg) was loaded onto 3--8% sodium dodecyl sulfate-polyacrylamide gels (Invitrogen, Carlsbad, CA, USA) and electrophoresed under reducing conditions. Western blotting was done as described previously using the following antibodies: P-JNK, JNK, P-p38, p38, and Smad1/5/8 (Cell Signaling Technologies). P-ERK1/2 and ERK 1/2 (Santa Cruz Biotechnology)

3.7. Statistical Analyses {#sec3dot7-molecules-23-00561}
-------------------------

Statistical analyses were undertaken with SPSS v16.0 (IBM, Armonk, NY, USA). Data are the mean ± SD from at least three independent experiments. The Student's *t*-test was used for comparisons between two groups, and one-way analysis of variance was used if more than two groups were compared.

4. Conclusions {#sec4-molecules-23-00561}
==============

Wedelolactone, as an active compound isolated from *E. herba*, showed obvious activity in enhancing osteoblastic differentiation and bone mineralization through ERK- and JNK-mediated BMP2 expression and Smad1/5/8 activation. Our study provides new insights into the mechanism of action of wedelolactone in osteoblastogenesis from BMSCs.
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![Effect of wedelolactone on phosphorylation of MAPK members, Smad1/5/8, and BMP2 mRNA expression in BMSC. (**A**) After the cells were treated with 2 μg/mL wedelolactone (Wed) for the indicated days, ERK phosphorylation increased at 3 days, and 6 days, JNK phosphorylation increased at 3 days, and p38 phosphorylation increased at 6 days and 9 days; (**B**) Smad1/5/8 phosphorylation increased upon 3 days, 6 days, and 9 days treatment; (**C**) BMP2 mRNA expression was measured by qRT-PCR and increased after 3 days, 6 days, and 9 days treatment. Data are expressed as mean ± SD of three independent experiments. \* *p* \< 0.05 compared with control.](molecules-23-00561-g001){#molecules-23-00561-f001}

![Effect of MAPK inhibitors on ALP activity and mineralization level. (**A**) BMSC pretreated with SP600125 (10 μM), PD98059 (20 μM), or SB203580 (10 μM) for 30 min were cultured in the presence of 2 μg/mL wedelolactone (Wed). Wedelolactone-induced increase in ALP activity was decreased by PD98059, SP600125, or SB203580. Scale bar is 100 μm; (**B**) Mineralization level elevated by wedelolactone were decreased after the cells were pretreated with PD98059, SP600125, or SB203580 as assayed by alizarin red staining. Scale bar is 100 μm. Data are expressed as mean ± SD of three independent experiments. \* *p* \< 0.05 compared with control.](molecules-23-00561-g002){#molecules-23-00561-f002}

![Effect of MAPK inhibitors on Runx2, Bglap, and Sp7 mRNA expression. BMSC were treated with SP600125 (10 μM), PD98059 (20 μM), or SB203580 (10 μM) for 30 min prior to 2 μg/mL wedelolactone (Wed) treatment for 9 days. Total mRNA was extracted from BMSC and qPCR was performed. Data are expressed as mean ± SD of three independent experiments. \* *p* \< 0.05 compared with control; \# *p* \< 0.05 compared with Wed-treated group.](molecules-23-00561-g003){#molecules-23-00561-f003}

![Effect of MAPK inhibitors on Smad1/5/8 phosphorylation and BMP2 mRNA expression. (**A**) BMSC were pretreated with MAPK inhibitors for 30 min, and then 2 μg/mL wedelolactone (Wed) was added to further culture for 6 days. Wedelolactone-induced Smad1/5/8 phosphorylation was decreased by PD98059 and SP600125; (**B**) Wedelolactone-increased BMP2 mRNA expression was inhibited by PD98059 and SP600125.Data are expressed as mean ± SD of three independent experiments. \* *p* \< 0.05 compared with control; \# *p* \< 0.05 compared with Wed-treated group.](molecules-23-00561-g004){#molecules-23-00561-f004}
